Self-assembly into ordered patterns is ubiquitous in nature and involves a transition from disordered building blocks to ordered/crystalline assemblies. [1] The process allows the integration of individual components and contributes to pattern formation, ordered objects, and functional systems with efficiency and simplicity. [2, 3] The ability to control pattern formation and understand the mechanism is of technological and scientific importance. For example, controlling the process of pattern formation has been extensively studied in several model systems, including snowflake formation, [4] metal aggregation on a substrate, [5] and colloidal nanocrystal growth. [6] However, owing to the many atomic-level complex processes involved, the formation of self-organized patterns at nanometer/micrometer length scales is very sensitive to various growth conditions, thus posing a great challenge for controllably tailoring the structures of patterned materials.
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Self-assembly into ordered patterns is ubiquitous in nature and involves a transition from disordered building blocks to ordered/crystalline assemblies. [1] The process allows the integration of individual components and contributes to pattern formation, ordered objects, and functional systems with efficiency and simplicity. [2, 3] The ability to control pattern formation and understand the mechanism is of technological and scientific importance. For example, controlling the process of pattern formation has been extensively studied in several model systems, including snowflake formation, [4] metal aggregation on a substrate, [5] and colloidal nanocrystal growth. [6] However, owing to the many atomic-level complex processes involved, the formation of self-organized patterns at nanometer/micrometer length scales is very sensitive to various growth conditions, thus posing a great challenge for controllably tailoring the structures of patterned materials.
In recent years, the fast development of 2D materials has extended their applications into numerous fields. [7] [8] [9] In the scale of 2D atomic layer, the assembly behavior is considered to be more obvious and further offers a direct way in probing properties and applications. [10, 11] As a promising 2D candidate, hexagonal boron nitride (h-BN) has been gaining great interests in the past decade. [12] [13] [14] [15] Being electrically insulating as well as chemically and thermally stable, atomically thin h-BN can be served as dielectric or substrate layers for other 2D materials such as graphene [8, 14] and transition metal dichalcogenides (TMDs) [16] to improve the electrical performance. Further, by combining with other 2D materials, e.g., stacking or epitaxial growth, van der Waals' heterostructure can be constructed for exploration of novel physical properties. [17] [18] [19] Given that h-BN crystals can be grown on a metal surface via a surface nucleation growth mechanism, a chemical vapor deposition (CVD) approach thus provides a platform to manipulate the shape and arrangement of these BN crystals. [20, 21] It has shown that h-BN crystals exhibiting a variety of shapes, including triangle, hexagons, and six-sided polygons, can be formed by CVD under appropriate conditions. [22] However, the effort in selfassembly of individual h-BN crystals into hierarchical organized patterns with tunable periodicity (including the crystal size, spacing, orientation, and composition) and realization of a functional integrated system has met with very limited success.
The self-assembly into highly ordered pattern is a universal phenomenon with unprecedented natural properties. However, the nonequilibrium processes in complex systems demand rigorous molecular formation mechanism, which are highly important for fundamental research. Herein, a large-scale formation of highly self-assembly hierarchical hexagonal boron nitride (h-BN) superordered structures on a liquid Cu surface by the chemical vapor deposition (CVD) method is demonstrated. The hierarchical h-BN superordered structure is found to be composed of two vertical stacking parts: one part is underneath h-BN film and the other part is top orientated branched h-BN patterns. In addition, the size, orientation, and morphology of the h-BN superordered structures can be precisely tuned by varying the gas flow rate and growth time. A kinetics-limited growth mechanism is proposed to elucidate the formation process, owing a well consistency with experimental results. Further, by mechanically peeling off the top few-layer h-BN, centimeter-scale uniform monolayer h-BN film is produced, demonstrating a direct and facile top-down fabrication method. This synthesis of highly ordered hierarchical h-BN patterns and following uniform monolayer h-BN film can be applied to other 2D materials, paving way for great potential in the investigation of growth mechanism and construction of homo-and heterostructures.
In this work, large-scale highly self-assembly hierarchical h-BN superordered structures are demonstrated for the first time on liquid Cu surface using the ambient pressure chemical vapor deposition (APCVD) method. The hierarchical h-BN superordered structure is found to be composed of two vertical stacking parts; one part is underneath h-BN film and the other part is top orientated branched h-BN patterns. Further, the size, orientation, and morphology of the h-BN superordered structure can be precisely tuned by modulating growth conditions. A kinetics-limited mechanism explains the growth and coalescence of first-layer h-BN crystals on liquid Cu, while the experimentally observed branched aggregation of local triangular clusters for the over-layers is proposed to be limited by their mobility through surface diffusion on the first h-BN layer. Initiated from the hierarchical h-BN patterns, centimeter-scale uniform monolayer h-BN film has been produced by the direct top-down mechanical exfoliation method. The top few-layer h-BN within the hierarchical h-BN structure can be completely removed, with the underneath h-BN film left. Our CVD method based on liquid Cu offers an effective way in fabricating highly organized vertical stacked superordered structures with 2D materials as building block and further uniform monolayer films, posing great promise in study of growth mechanism and further applications.
The growth methodology using APCVD is schematically illustrated in Figure 1a . In our CVD experimental setup, to keep the h-BN source-ammonia borane (AB, NH 3 BH 3 ) [22, 23] -stable in the whole growth process, two strategies have been employed. First, the AB powder is placed into a small tube with one end sealed, thereby a stable AB gas could be supplied into the small tube upon belt heating ( Figure S1 , Supporting Information), rather than being randomly sublimated in the quartz tube. Second, another small tube with two ends open is introduced to hold the Cu catalyst, aiming for uniform deposition of active BN cluster or radicals onto the surface. In our case, liquid Cu on the supporting Mo foil is used as the catalyst, [24, 25] and hydrogen (H 2 ) is used as the reducing and carrier gas at the growth temperature of 1100 °C. It is reported that liquid Cu was a particularly effective catalyst in growing 2D materials, [26] and further the fluent and ultrasmooth features of liquid Cu surface allow for highly self-aligned and extremely regular growth, [27, 28] posing obvious advantages over a solid Cu ( Figure S2 , Supporting Information).
As for the growth process, Cu foils were first placed on top of the W foil, and the entire stack was loaded into a 1 in. quartz tube. The temperature of the furnace was initially ramped up to 1100 °C in 45 min. This entire process was carried out under a constant H 2 flow of 40 sccm. At 1100 °C, the Cu melted and wet the underlying Mo foil. The temperature was kept constant at 1100 °C for a further 30 min to ensure complete melting of the Cu foils and that they are uniformly spread on the W substrate. It should be noted that the good wettability between liquid Cu and metals Mo or W ensures a flat and uniform surface, offering a proper platform for h-BN growth. After that, h-BN growth is initiated by slowly heating the ammonia borane. It is clearly observed that both the sublimation temperature and amount of ammonia borane used affect the nucleation density and the size of h-BN domains, and both of which increase with higher sublimation temperature and the amount of ammonia borane. Hence, in this study, we adopted an optimized set of parameters using 2.0 mg of ammonia borane which is heated at 110 °C under a constant H 2 flow of 20 sccm during h-BN growth. Once h-BN growth started, the whole growth evolution is shown in Figure 1b , where h-BN crystals are first formed, growing into hexagonal domains, and then gradually self-align into an array that spans over the whole surface ( Figure S3 , Supporting Information) due to the interplay among those domains and fluent feature of liquid Cu surface. [10] With increased time, second nucleation takes place, centered on the preformed monolayer h-BN domains, which is far from the edges as a sink of deposited borazine molecules considering the growth rate on Cu surface is much faster than the second layer. The triangular clusters grown in the second layer aggregate into branched structures, which then evolve into a hierarchical h-BN patterns on the first layer, following a self-assembly way. Finally, it is seen that highly ordered and hierarchical self-assembly of h-BN crystals are arrayed on the whole surface. Surprisingly, the formation of the h-BN superordered structure is extremely fast, generally taking 2 min since the heating temperature 
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reaches 110 °C. It should also be noted that the growth time can be tuned for fabrication of different kinds of hierarchical BN patterns and the details will be present in the following. Figure 2 shows the as-prepared self-assembly hierarchical h-BN patterns. With a growth time of 4 min, large-scale hierarchical h-BN patterns are readily grown on over the whole liquid Cu surface (Figure 2a ). There exists a uniform distribution of the patterns, even in centimeter scale ( Figure S4 , Supporting Information). Under this condition, the scale of the patterns can be adjusted, highly related to the size of Cu surface.
Along this thought, the liquid Cu offers a general way to realize large-area growth of highly ordered hierarchical patterns composed of other 2D crystals. As for the patterns, two composed parts are clearly observed: one is the underneath black film and the other is the white branched patterns onto it. With the underneath monolayer h-BN as the substrate, the second nucleation is uniform, resulting in the uniform distribution both in the size of branched patterns ( Figure g) The corresponding phase image of h-BN superordered structure in panel (f), whereas uniform surface is observed, confirming the h-BN uniformity among the whole structure. h) AFM morphology image of edged area of h-BN superordered structure, in which the SiO 2 substrate and h-BN patterns are found, further confirming the complete transfer of both the two parts. i) The corresponding thickness profiles of the two lines labeled in panel (h), displaying the monolayer and few-layer characteristics of the two parts.
the underlying h-BN domains are aligned with each other into an array with a prerequisite that the h-BN domains own similar size, based on which the following branched patterns are also assembly over a relatively large area. As for single branched pattern, it is clearly found that each branch is composed of a certain number of triangular h-BN crystals ( Figure S6a ,b, Supporting Information), some of which formed as pyramid structure ( Figure S6c,d, Supporting Information) . Figure 2c shows X-ray photoelectron spectroscopy (XPS) data of the hierarchical h-BN patterns on the liquid Cu surface. The B 1s and N 1s peaks are located at 190.6 and 398.2 eV, respectively, which are in good agreement with previous reported values. [14] The atomic ratio of B and N calculated from the XPS data is 1.1:1, close to the stoichiometry of h-BN. By the electrochemical method, the h-BN patterns were transferred onto SiO 2 /Si substrate for further measurements. It is observed that the whole hierarchical patterns are completely kept (Figure 2d,e) , for both the underneath monolayer film and top branched h-BN pattern. Raman measurements further confirm the transferring process, where monolayer and fewlayer h-BN are featured of typical peaks ( Figure S7 , Supporting Information).
Atomic force microscopy (AFM) is further employed for thickness determination on single pattern. The branches within the whole patterns are clearly observed (Figure 2f ), in which small triangular flakes are also detected, further confirming the basic building block. In the morphology image, the monolayer and few-layer h-BN samples are differentiated, where the underneath part is uniform and the top part exhibits pyramid features. Meanwhile, in the phase image (Figure 2g ), the whole surface is uniform, suggesting the same substance covered on the whole surface, further verifying the complete transfer for the two h-BN parts. At the edged region of the samples, wreckage is observed (Figure 2h ), which can offer direct evidence for thickness determination. For the interfacial region between h-BN and substrate, the thickness profile is displayed in Figure 2i , showing a thickness value of around 0.9 nm. Considering the wrinkle and breakage derived from transferring process, the value is highly corresponding to monolayer feature, consistent with previous reports. [22, 23] Further, the profile of the branched pattern is also present, where three terrace features are detected with a height of 5 nm at the center of the pattern (Figure 2i) , indicating a few-layer h-BN characteristics.
Raman mapping has been conducted to further characterize the layer number and structure of as-grown hierarchical h-BN patterns. Generally, monolayer h-BN shows a highly symmetric Raman peak at ≈1370 cm −1 in the low-frequency region, corresponding to the B-N vibrational mode (E 2g ) within h-BN layers. Figure 3a shows mapping of the characteristic E 2g peak of the large-area hierarchical h-BN patterns on SiO 2 /Si substrate, where the few-layer branched pattern and monolayer h-BN film can be clearly differentiated by the color contrast of the whole image. It should also be noted that the intensity of center regions is much stronger than that of the edged ones, indicating the difference in layer numbers. Magnified mapping image (Figure 3b ) further displays the detailed structural information of the BN patterns. We have located three areas and collected the Raman signal, as shown in Figure 3c . It is clearly observed that there exist obvious differences in position and shape of the featured peak around 1370 cm −1 . For marked area 1, the symmetric characteristic Raman peak confirms the growth of high-purity monolayer BN films with a hexagonal structure. Meanwhile, for the areas 2 and 3, with increased layer number, the Raman peak is gradually deconvoluted into a 1370 cm −1 peak and some small peaks at higher frequencies. Further, intensity and full width at half-maximum (FWHM) increase with an increasing number of h-BN layers. The position of E 2g peaks of both monolayer and few-layer h-BN is within 10 cm −1 , so the corresponding Raman mappings show the nearly same color ( Figure S8, Supporting Information) . These results further confirm the vertical up-down structure of our h-BN patterns.
To unveil the crystallinity of the as-grown h-BN sheets, atomic resolution scanning transmission electron microscopyannual dark field (STEM-ADF) imaging was employed. The beam voltage was set at 60 kV to reduce the knock-on damage of B and N atoms. [29] In addition, a medium angle annular dark field (MAADF) detector collecting a half-angle range from 30 to 120 mrad was employed to enhance the image contrast of light elements. [30] A typical STEM-ADF image showing the dendrite region is depicted in Figure 3d . The inhomogeneous contrast is attributed to the surface contamination from both adventitious hydrocarbon adsorption and poly(methylmethacrylate) (PMMA) residues. However, the as-grown h-BN sheets are high crystalline as demonstrated in Figure 3e , where well-defined signature honeycomb structures are observed in a long-range order and no discernible atomic defects or line defects could be spotted. In its enlarged image (Figure 3f ) as highlighted by the blue box in Figure 3e , the h-BN sheets comply an eclipsed (2H) stacking registry where the symmetry of the resulting trigonal prism configuration belongs to point group D 6h . On the other hand, the other mostly encountered stable 3R stacking registry taking a staggered configuration has rarely been observed. The single crystallinity of the h-BN sheets was further corroborated by the fast Fourier transform (FFT) pattern (Figure 3g ), where only one set of spots is obtained. The stacking order evolutions have rarely been found in the as-grown h-BN crystals. Calculated lattice constants (≈2.5 Å) match well with other reports. [29] [30] [31] In addition, the existence of boron and nitrogen elements is validated by electron energy-loss spectroscopy (EELS) as shown in Figure 3h .
Growth factors are investigated for fully understanding of the whole formation process of hierarchical h-BN superordered structure and the self-assembly of h-BN crystals onto monolayer h-BN film. In our experiments, the whole growth evolution of single BN pattern is clearly evidenced with a function of the growth time. Figure 4a-c shows the large-area arrayed hierarchical h-BN superordered structure with different times of 2, 5, and 8 min, respectively. It is obviously seen that the size and density of each superordered structure are gradually increasing with increased time. At the initial stage, the underlying monolayer h-BN film with stitched h-BN domains has been formed, on which the multinucleation takes place. The shape of these domains is controlled by the edge reaction, as the precursor supply through surface diffusion on liquid Cu is sufficient. The hexagonal shape of first-layer h-BN domain can be well explained in the kinetics-limited regime. [32] However, the growth of over-layers is in stark contrast, which is mainly www.advmatinterfaces.de caused by the fact that the surface diffusion of as-nucleated h-BN clusters on the first h-BN layer is difficult. [33] From the experimental data, it is noted that the second nucleation is most likely first started at the center of the underlying h-BN domains (Figure 4a,d) , because only precursors deposited onto the surface of bottom layer are available for the over-growth, and the concentration of precursors at the center is the highest considering the characteristics of their diffusion field. [34] Meanwhile, several few-layer triangular h-BN crystals emerge at the rest region of the single domain, in form of aggregates of triangular clusters. Notably, all the second nucleated h-BN crystals including the center or corner are completely confined at the underlying h-BN domain, and the alignment of triangular domains conforms to that of the bottom layer, suggesting a critical role of underlying h-BN in the second nucleation onto it. On one hand, the multinucleation further happens and allows for more and more triangular h-BN crystals onto the surface; on the other hand, the as-formed h-BN crystals start to aggregate along six certain orientations, and thus lead to formation of several branches (Figure 4b 
with the whole h-BN surface (Figure 4c,f) . Much longer time for the h-BN growth has also been further employed, and it was seen that the top h-BN patterns will connected with each other and the size of each single h-BN pattern will also further increase ( Figure S9, Supporting Information) .
In the whole growth evolution, two points need to be noted. First, the second nucleation takes place on the underlying BN domain all the time during the whole process, leading to increasingly more intense h-BN superordered structure. It is shown that the nucleation rate of triangular h-BN clusters on the first layer is almost constant during the whole growth process R, which is (≈40 s −1 ), which could be related to the nucleation barrier ΔG through the relation R ∼ exp(−ΔG/k B T). Second, the as-formed triangular h-BN crystals become orientated along the certain directions, resulting in clearly branched patterns, due to the high barrier for misalignment between the top and bottom layers. [33] From the three AFM images corresponding to the three growth stages (Figure 4d-f) , it is further verified that the h-BN superordered structures at different stages are composed of triangular h-BN crystals.
To further probe the growth process of h-BN superordered structures, we quantitatively investigate three parameters with a function of growth time, coverage of surface, counts of branch and triangular h-BN crystal. As clearly shown in Figure 4g -i, all the three parameters increase almost linearly with time, further confirming the obvious growth evolution from monolayer h-BN domain to highly orientated branched BN superordered structure. The constant growth rate measured by the slope of coverage-time relation (Figure 4g ) suggests that the growth of overlayer is limited by the rate of deposition, and the constant evolutional rate of branches and triangles (Figure 4h,i) suggests that the diffusion of the triangular islands is strongly prohibited on the first h-BN layer. First-principles calculations were performed to explore the potential energy landscape (PEL) and energy barrier against interfacial sliding, which determine the diffusivity of borazine molecules and h-BN islands ( Figure 5) . The results show that the diffusive energy barrier for a borazine molecule on the as-formed first h-BN layer is 105.52 meV. This barrier is negligible at the growth condition (1100 °C), although the value is much higher than that on the Cu (111) surface (Table S1 Table S2 , Supporting Information). It should be note that the low contrast between the h-BN/h-BN and h-BN/Cu (111) compared to that with borazines is resulted from the use of periodic super cells in the calculations (Figures S10 and S11, Supporting Information), where the significant effect of open edges is neglected. These results suggest that the diffusion of borazine molecules on the Cu surface could efficient enough to endow a kinetics-limited growth regime of the first h-BN layer, leading to the finding that the first layer grows and merges into a continuous film in a relatively short duration. The polar nature of borazine and h-BN reduces the mobility of borazine, which, however, is still high enough for free diffusion on the as-grown h-BN layers, coalescence, and nucleation of the h-BN islands. In contrast, the diffusion of h-BN islands on an h-BN substrate is rather difficult. Our calculation results suggest that even a 3 nm triangular island needs to overcome a significant barrier of 5.4 and 2.8 eV for AA′ and AA stacking, respectively, which explains the observation that isolated triangles cannot diffuse and coalesce with others into a continuous film. Together with consistent experimental result as shown above, the theoretical calculations strongly demonstrate the potential and effectiveness of our method in constructing highly orientated h-BN superordered structures, which might apply to other 2D materials superordered structures.
As for the centimeter-scale hierarchical h-patterns, it is reconfirmed that the underneath part is the monolayer uniform h-BN film composed of self-assembly of hexagonal h-BN crystals. All the composed h-BN domains are arrayed toward one orientation, indicating a stitching among them. Given the weak force between the top and underneath parts within the patterns, it is proposed that uniform monolayer h-BN film would be obtained if the top few-layer h-BN part is removed. Mechanically exfoliation has been employed to realize the process, and it turned out to be feasible as shown in Experimental Section. Figure 6 shows the left h-BN film after the exfoliation step, where the top part has been completely removed. Scanning electron micro scopy (SEM) and optical measurements further verify the absence of few-layer h-BN all over the whole surface (Figure 6a,b) . The underneath film with hexagonal stitched trace is fully observed, indicating an intact exfoliation process. The Raman spectrum displays the monolayer feature of the film based on the data collected from three areas on the sample as marked in Figure 6c . STEM is further used to characterize the atomic structure of the film, and experimental results show that all the hexagonal domains own high crystallinity and are with monolayer characteristics (Figure 6d-f) . The introduction of mechanically exfoliation into the hierarchical patterns allows for direct top-down production of centimeter-scale uniform monolayer h-BN films.
In summary, we first demonstrate the self-assembly hierarchical h-BN superordered structures on liquid Cu surface by the APCVD method. The h-BN superordered structures is produced within several minutes and can be scaled up to centimeter size. It is clearly evidenced that the BN superordered structure is composed of underneath monolayer BN film and top self-assembly branched BN crystals, with one to one relationship. The second-nucleated BN domains onto the first monolayer hexagonal BN are confined within it, showing an interplay between the two parts. Direct observation of the whole growth evolution from monolayer h-BN film to complex hierarchical h-BN superordered structures with a function of time is realized. Large-area uniform single-crystal h-BN film can be further directly prepared and derived from exfoliation of the hierarchical h-BN patterns. The successful fabrication of the hierarchical BN superordered structure and uniform monolayer h-BN film can serve as a direct system to study the growth mechanism and further properties.
Experimental Section

CVD Growth of Hierarchical h-BN Patterns:
A Cu foil (Alfa Aesar, 99.8% purity, 50 µm thick) was cut into 10 × 10 mm 2 pieces and placed on top of a Mo foil (Alfa Aesar, 99.95% purity, 50 µm thick) of the same size. They were then placed in a quartz tube of outer diameter 25 mm, inner diameter 22 mm, and length 1220 mm to act as catalyst for growth of h-BN patterns. Subsequently, the substrates were heated above 1100 °C in a horizontal tube furnace (Lindberg Blue M, TF55030C) under 40 sccm H 2 . After a annealing process of 30 min, 2.0 mg of ammonia borazine was heated as the h-BN source. Large-area hierarchical h-BN patterns could be grown using a growth time of 2 min. After the reaction, the samples were quickly removed from the high-temperature zone under H 2 , to ensure rapid cooling of the samples to room temperature.
Transfer of Hierarchical h-BN Patterns: A PMMA-assisted chemical etching method was used. A thin layer of PMMA (weight-averaged molecular mass, M w = 600 000, 4 wt% in ethyl lactate) was fist spincoated on the surface of h-BN patterns at 6000 rpm for 3 min and cured at 170 °C for 5 min; the PMMA-coated samples were immersed into a 1 m (NH 4 ) 2 S 2 O 8 aqueous solution for etching the underneath Mo and Cu substrates. Then the PMMA/h-BN layer was detached from the substrate after several minutes. After cleaning with pure water, the flating PMMA/h-BN layer was stamped at the target substrate, such as SiO 2 /Si and transmission electron microscopy (TEM) grids. Finally, the PMMA was removed by warm acetone, obtaining clean h-BN patterns.
Characterization of Hierarchical h-BN Patterns: Optical images were obtained using an Olympus BX51 microscope. AFM images were obtained using a Bruker Dimension FastScan atomic force microscope in the tapping mode. XPS analysis was carried out on an Omicron EAC2000-125 analyzer. Base pressure during analysis was 10 −9 Torr. An Al K α monochromatized radiation (hν = 1486.6 eV) was employed as the X-ray source. Raman spectra were recorded at room temperature using a WITec Raman microscope with laser excitation at 532 nm. Bright-field TEM images of h-BN patterns were conducted on Philips CM30 TEM at 300 kV. High-resolution STEM-ADF imaging was carried on an aberration-corrected Nion UltraSTEM-100, equipped with a cold field emission gun, operating at 100 kV for h-BN samples.
Fabrication of Uniform Monolayer h-BN Films:
Originated from the hierarchical h-BN patterns, a mechanical exfoliation process was employed to fabricate h-BN films. Scotch tape was printed onto the Cu surface covered with h-BN patterns, then peeled the top few-layer h-BN flakes off the underneath h-BN films. After that, the monolayer h-BN film was obtained.
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